The present work was aimed at evaluating the multi-metals column adsorption of lead(II), cadmium (II) and manganese(II) ions onto natural bentonite. The bentonite clay adsorbent was characterized for physical and chemical properties using X-ray diffraction, X-ray fluorescence, Brunauer-Emmett-Teller surface area and cation exchange capacity. The column performance was evaluated using adsorbent bed height of 5.0 cm, with varying influent concentrations (10 mg/L and 50 mg/L) and flow rates (1.4 mL/min and 2.4 mL/min). The result shows that the breakthrough time for all metal ions ranged from 50 to 480 minutes. The maximum adsorption capacity was obtained at initial concentration of 10 mg/L and flow rate of 1.4 mL/min, with 2.22 mg/g of lead(II), 1.71 mg/g of cadmium(II) and 0.37 mg/g of manganese(II). The order of metal ions removal by natural bentonite is lead(II) > cadmium(II) > manganese(II). The sorption performance and the dynamic behaviour of the column were predicted using Adams-Bohart, Thomas, and Yoon-Nelson models. The linear regression analysis demonstrated that the Thomas and Yoon-Nelson models fitted well with the column adsorption data for all metal ions. The natural bentonite was effective for the treatment of wastewater laden with multi-metals, and the process parameters obtained from this work can be used at the industrial scale.
INTRODUCTION
Over the last decade, the presence of toxic pollutants in the liquid effluent has become an issue of growing concern to humankind and its ecosystem. Wastewater generated as a result of the domestic, industrial and agricultural activities often contains various regulated compounds, both organic and inorganic in nature (Djafer et al. ) . One of the most important environmental problems related to the water pollution globally is the contamination of heavy metals in water bodies. Heavy metals are toxic to the aquatic creatures and human health (Saad et al. ) . They exist in the aqueous streams from industries, i.e., metal plating, mining, tanneries, painting and car radiator manufacturing, as well as from agricultural sources where fertilizers and fungicidal sprays are intensively used (Mobasherpour et al. ) . The effluent contains different derivatives of heavy metals such as cadmium, lead, nickel, chromium, arsenic, copper, and iron. It directly affects human health through the contaminated water and food chain (Lim & Aris ) . Therefore, it is essential to treat the wastewater laden with heavy metals so as to reduce the harmful effects to the environment.
Various methods are available, and have been used to remove heavy metals from aqueous solution. These include precipitation, ion exchange, electrolysis, and activated carbon adsorption. Adsorption is apparently the most effective method because it is a simple process of low initial capital that offers a high removal capacity, flexibility of equipment and method of operation, and possible regeneration of adsorbent (Biswas & Mishra ; Kulkarni & Kaware ) .
A wide variety of adsorbents have been investigated by many researchers. In general, the desired attributes of adsorbent are natural origin, low cost, high adsorption capability, large surface area, rich functional groups, re-usability and environmentally friendly (Thilagan et al. ) . Various natural and modified adsorbents have been used for contaminant removal from wastewater, polluted air and soil. Resin, metal oxide, zeolite, clay minerals, biosorbents, etc. are some examples of heavy metal adsorbents. Clay minerals and derivatives constitute one large family with unique microstructure and adsorptive characteristics for environmental applications. Clays are also utilized in pharmaceuticals, food processing, and other industrial applications (Murray ) . They are abundant and freely available, and possess distinct adsorptive characteristics from one origin to another. Consequently, this category of adsorbent has gained much attention in wastewater pollution abatement nowadays (Zhu et al. ) .
Most of the adsorption experiments are usually centred on batch mode in finding the effectiveness of adsorbent for a specific or single adsorbate, and to estimate the maximum adsorption capacity. However, it does not provide an accurate overview of process up-scaling for large volumes of wastewater. A continuous mode of adsorption, that is also known as fixed-bed column, is advantageous for large scale wastewater treatment. Also, it offers ease of operation, flexibility of design and cost effectiveness (Kulkarni & Kaware ) . Column adsorption does not run under equilibrium condition, and the effect of process variables at any cross-sectional area of the column affects the overall flow behaviour and the operating limit of the column (Biswas & Mishra ; Chowdhury et al. ) . Hence, the dynamic behaviour of the process is often described in terms of breakthrough curve.
There is a growing requirement for more efficient and cost-effective column adsorption for the remediation of multi-metals-bearing wastewater. Clays are abundantly available, low cost, and interestingly possess unique adsorption capabilities for water pollutants, thus a promising alternative to the commercial adsorbents/activated carbons in the adsorption of heavy metals (Jock et al. ) . Therefore, the objective of this work is to evaluate the effects of initial feed concentration and flow rate on the performance of multi-metals lead(II), cadmium(II) and manganese(II) adsorption onto natural Nigerian Dijah-Monkin bentonite. Different column adsorption models, Thomas, Yoon-Nelson, and Adams-Bohart, were used to compare and describe the experimental data.
MATERIALS AND METHODS

Preparation of adsorbent
Bentonite clay was collected from the deposit site at Dijah-Monkin, Nigeria. The raw bentonite was crushed to a coarse powder, and soaked in water for 24 h. The mixture was blunged, and allowed to age for 4 days for the quartz impurities to sediment at the bottom, leaving the colloidal solution of clay and suspended particles at the top. The clay colloids were collected and separated from the quartz sediments, and sieved through a 230 Tyler mesh (63 μm sieve opening) to further remove the coarse impurities and organic particles. The thick slurry was put in a filter cloth and pressed under a heavy mass of 10 kg to squeeze out the water. The resulting cake was sun-dried and also ovendried at 110 W C to a constant weight. The dried clay was milled and sieved using a 125 μm mesh. The dried beneficiated clay powder was used for characterization and column adsorption studies.
Characterization of bentonite clay
The beneficiated clay sample was characterized for chemical analysis using an energy dispersive X-ray fluorescence instrument (Mini PAC4, Rigaku, Japan). The specific surface area and total pore volume were determined based on nitrogen adsorption and desorption isotherms at a liquid nitrogen temperature of À196 W C using a surface area analyser (Surfer, Thermo Scientific, USA). The cation exchange capacity (CEC) of the clay samples was evaluated using the ammonium acetate method (USDA ), and the pH of the clay was measured by a pH meter (Rex pHS-25, Biocotek, China). The X-ray diffraction (XRD) data were obtained using a high resolution X-ray diffractometer (D8 Advance, Bruker, USA) equipped with a graphic mono-chromator CuKα radiation (40 kW, 40 mA). The diffraction measurement was conducted through a range of 2θ angle of 2-90 o at the scanning rate of 0.5 o (2θ)/min. The basal spacing was calculated using Braggs's equation (nλ ¼ 2d sin θ), where n is the integer (n ¼ 1), λ is the wavelength of the incidence wave (λ ¼ 0.15418 nm) and d is the spacing between the incident ray and the scattering planes.
Continuous adsorption of multi-metals
Analytical grade reagents obtained from Merck, USA, were used throughout the studies. Heavy metal solutions were prepared using Pb(NO 3 ) 2 .4H 2 O, Cd(NO 3 ) 2 .4H 2 O and MnO 2 for lead(II), cadmium(II) and manganese(II), respectively. Distilled water was used for stock solution preparation and dilution to the desired multi-metals concentrations of 10 mg/L and 50 mg/L. The solution pH was not adjusted, and was measured as 5.1 ± 0.2.
Continuous adsorption was carried out using a glass column with a length of 35 cm and an internal diameter of 0.6 cm. The bed height was fixed at 5.0 cm by packing in 1.0 g of natural bentonite, and positioned centrally inside the glass column. A layer of cotton wool was placed over the bed surface at the top and bottom openings to prevent the loss of the clay during the column operation. A peristaltic pump was used to introduce the feed upward at flow rates of 1.4 mL/min and 2.4 mL/min. Initial concentration of multi-metals solution was maintained at 10 mg/L or 50 mg/L, and the adsorption performance was evaluated at the two different flow rates. The experiment was performed at room temperature of 30 W C and the treated effluent was collected at the outlet of the column at regular time intervals. The residual concentrations of metal ions were measured using inductively coupled plasma optical emission spectrometry (710 series, Agilent, USA).
RESULTS AND DISCUSSION
Characteristics of bentonite clay
The physical and chemical characteristics of Dijah-Monkin bentonite are shown in The bentonite clay displayed a pH of 6.6, that is, slightly acidic and within the range of 4.2 to 7.0 for most clay suspensions (Grimshaw ) . The specific surface area and total pore volume were obtained from the Brunauer-Emmett-Teller method, and the mesopore area and micropore volume from the Barrett-Joyner-Halenda and Dubinin-Radushkevich methods, respectively. The specific surface area of bentonite was recorded as 23.5 m 2 /g with 77.5% mesopore content, indicating that the clay is porous (Vhahangwele & Mugera ) . It was reported that the clay with reasonably high surface area could increase the adsorption capacity by approximately 4.3 times (Petrovic et al. ) . The bentonite clay exchange sites are predominantly calcium; consequently a high CEC value implies the propensity of the active sites to trap the trace elements, which is also beneficial for the adsorption of positively charged pollutants (Zhansheng et al. ) . The CEC of calcium montmorillonite is between 40 and 70 mEq/100 g, while that of sodium montmorillonite is between 80 and 150 mEq/100 g (Murray ). From Table 1 , the CEC of bentonite clay is 47.7 mEq/100 g, which is in the scope of calcium montmorillonite, and this shows its promising exchange capacity to capture cationic pollutants and heavy metal ions in solution (Zhu et al. ) .
The mineral content is important in the classification of clays. The XRD pattern of bentonite clay is shown in Figure 1 . The presence of strong peaks attributed to montmorillonite (M) and quartz (Q) can be observed with reference to the Joint Committee on Power Diffraction Standards (JCPDS) cards number. Also, a weak peak that corresponds to kaolinite (K), and other possible minerals including muscovite and illite are present.
Column adsorption of multi-metals
Industries generate a large volume of multi-metals-bearing wastewater; hence it is more practical to employ a column adsorption to treat the wastewater. In column operation, the feed continuously enters and leaves the column until the adsorbent surface becomes fully saturated. The column performance is judged by the time the adsorbate penetrates the adsorbent bed before it is detected in the effluent (Khalir et al. ) . The performance characteristics of a fixed-bed, such as time, volume, and capacity are commonly evaluated by a breakthrough curve. The breakthrough curve demonstrates the dynamic removal behaviour of pollutant onto the adsorbent bed, and is expressed in terms of C t /C o (C t and C o ¼ pollutant concentration at time t and initial concentration, respectively) against time for a given bed height, flow rate and feed concentration. The column adsorption of multi-metals onto Dijah-Monkin bentonite clay is presented in the form of breakthrough curves. Figures 2-4 show the adsorption traits of lead(II), cadmium(II) and manganese(II) ions in multimetals solution, and the estimated values of breakthrough time (t b , corresponds to C t /C o ¼ 0.1) are summarized in Table 2 . In general, the pattern of breakthrough curves is close to an ideal 'S' shape which indicates a favourable adsorption process (Khalir et al. ; Djafer et al. ) . The C t /C o values gradually increased with time and began to stabilize when C t /C o approached 0.9. This point is termed as the operating limit of the column. It happens when the pre-determined inlet concentration is nearly equal to the outlet concentration, indicating that the column is already exhausted (Chowdhury et al. ) .
The breakthrough curves of manganese(II) and cadmium(II) are steeper than that of lead(II). Similarly, the time required to reach a plateau of C t /C o is relatively longer for lead(II) than that of manganese(II), and it was rapid for cadmium(II). The breakthrough for lead(II) was found to be the slowest and the curves are the least steep, signifying that the column adsorption of lead(II) by natural bentonite is more favourable than that of cadmium(II) and manganese(II) ( Table 2) . However, Figure 2 shows that at t ¼ 0 min, lead(II) had already achieved a breakthrough for C o ¼ 50 mg/L and flow rate of 2.4 mL/min. This could be attributed to the overload of the column, and as a result no accurate breakthrough time was obtained. It is hypothesized that lead(II) is removed in greater quantities compared to other metals, probably because of its solution chemistry of high solubility and low hydrolysis constant (Nguyen et al. ) . The order of adsorption capacities (on mass basis) as calculated from the breakthrough curves at different concentrations and flow rates is lead(II) > cadmium(II) > manganese(II).
From Figures 2-4 , an earlier breakthrough point is reached at a higher concentration (50 mg/L), where the adsorbent is exhausted faster as compared to that at a lower concentration (10 mg/L). This is also true for the feed flow rates of 1.4 and 2.4 mL/min. The breakthrough time was found to decrease with increasing adsorbate concentration as the binding sites become saturated more rapidly. On the other hand, a decrease in feed concentration gives an extended breakthrough time, indicating a higher volume of solution that could be treated. This could be explained by the fact that a low concentration gradient caused a slow transport due to a decrease in the diffusion coefficient or mass transfer coefficient (Saad et al. ) .
The effect of feed flow rate on the adsorption of multimetal ions was investigated by varying the feed flow rates (1.4 mL/min and 2.4 mL/min). As shown in Figures 2-4 , the front of the adsorption zone quickly reached the column top at 2.4 mL/min. It implies that the adsorbent bed becomes saturated much earlier at high flow rate. In contrast, a lower flow rate of 1.4 mL/min resulted in a longer contact time, consequently a shallow adsorption zone. In general, a steeper curve with relatively fast breakthrough and exhaustion time at a higher flow rate results in a lower uptake. In addition, the adsorption capacities decreased with increasing flow rate. This may be due to the lack of retention time for the solutes to interact with the adsorbent, so limiting the diffusivity of solutes into the active sites (Thilagan et al. ) .
The amount of metal ions removed in a fixed-bed column, q total (mg), can be expressed as follows,
where t total (min) , Q (mL/min) and A are the total time of flow, feed flow rate and area under the breakthrough curve, respectively, C ad (mg/L) is the amount of metal ions adsorbed, C o and C t (mg/L) are the initial concentration and the concentration at time t, respectively. The adsorption of metal ions, q (mg/g), was calculated using Equation (3),
where m (g) is the amount of adsorbent in the fixed-bed column. The adsorption capacity of lead(II) ions increased from 1.83 to 2.22 mg/g (equivalent to 0.0088 to 0.011 mmol/g) as the initial concentration increased from 10 to 50 mg/L at a constant flow rate of 1.4 mL/min. Likewise, the uptake of cadmium(II) and manganese(II) increased from 1.58 to 1.71 mg/g (0.014 to 0.015 mmol/g) and 0.28 to 0.37 mg/g (0.005 to 0.007 mmol/g), respectively. Moreover, the breakthrough time for lead(II) removal decreased from 450 to 200 min with increasing feed concentration. However, lead(II) exhibits no breakthrough time at feed concentration of 50 mg/L and flow rate of 2.4 mL/min. Similarly, cadmium(II) and manganese(II) showed a decrease in breakthrough time from 480 to 300 min and 300 to 150 min, respectively. Figure 5 shows the breakthrough curves of metal ions at different initial concentrations and flow rates. A greater uptake was observed at a higher concentration and a lower flow rate due to the abundance of more metal ions and longer contact time, respectively. The fixed-bed column displays a better performance with feed flow rate of 1.4 mL/min. Consequently, the adsorption of lead(II), manganese(II) and cadmium(II) in multi-metals solution onto Dijah-Monkin could be driven by the surface functional groups via the ion-exchange mechanism between the metal ions (M 2þ ) and the surface active sites ( . The adsorption capacities of lead(II) on a mass basis are higher than that of cadmium(II) and manganese(II), while cadmium(II) exhibits greater capacities on a molar basis (Table 2) . This is due to the high molar mass of lead(II) that brings about low molar concentration of lead(II) compared to the other co-existing metals. The adsorption capacity of metal species is in the order of lead(II) > cadmium(II) > manganese(II), and is in agreement with increasing hydrated ionic radii of metal ions, i.e., 0.401, 0.426 and 0.438 nm for lead(II), cadmium(II) and manganese(II), respectively (Wang et al. ; Afordita & Mirjana ) . Ideally, small ions adsorbed faster and in large quantities compared to large ions because the former can pass through the pores and channels of the bentonite structure with ease (Afordita & Mirjana ). Clay minerals adsorb metal species from aqueous solution through cation replacement and/or by forming complexes with surface functional groups in which the selectivity rule of Ca > Hg > Pb > Cu > Mg > Zn > Co > Ni > Cd is normally observed (Dukic et al. ) .
Interpretation of column models
In the design of a fixed-bed adsorption process, the breakthrough curve has to be carefully analysed using kinetics models to interpret the column dynamic behaviour. The sorption performance of multicomponent cations was analysed using Thomas, Yoon-Nelson and Adams-Bohart models. The models' parameters were calculated using Equations (4)-(6), respectively.
where K T (mL/mg·min) is the Thomas rate constant, q o (mg/g) is the equilibrium uptake of metal ions and m (g) is the amount of adsorbent inside the column. K Y (min À1 ) and K A (L/mg·min) are the rate constants, τ (min) is the time required for 50% adsorbate breakthrough, N o (mg/L) is the saturation concentration, Z (cm) is the bed depth, U o (cm/min) is the superficial velocity, t (min) is the sampling time, and C o and C t (mL/g) are the feed and outlet concentrations at time t, respectively. The Thomas model is used to explain the plug flow behaviour of the fixed-bed, and it is based on the assumptions that the adsorption follows the Langmuir isotherm and second order kinetics with no axial dispersion (Chowdhury et al. ) . The Yoon-Nelson model presumes that the rate of decrease in the probability of adsorption for each adsorbate molecule is proportional to the probability of adsorbate breakthrough on the adsorbent (Khalir et al. ) . The Adams-Bohart model was developed based on the surface adsorption theory, and it predicts that the equilibrium is not instantaneous; therefore the rate of adsorption is proportional to both the remaining capacity of the adsorbent and the concentration of the adsorbate (Chowdhury et al. ) . Figure 6 shows the linear regression of experimental data into the Thomas model. The Thomas rate constant (K T ) and the equilibrium uptake (q o ) were calculated from the slope and intercept of Equation (4), respectively. The Thomas model constants and the other model parameters are summarized in Table 3 . For all metal ions studied, K T decreased while q o increased with increasing concentration and flow rate. At any flow rate and concentration, the values of q o (mg/g) are lower for lead(II) than for cadmium(II) and manganese(II). Also, the q o estimated for lead(II), cadmium(II) and manganese(II) from the experimental data (Table 2 ) are smaller than that calculated using the Thomas model (Table 3) . A similar result was also reported by Biswas & Mishra () . Moreover, the breakthrough time (t b ) is less than the time required for 50% adsorbate breakthrough, τ, as predicted by the Yoon-Nelson model. The lower uptake (q o ) and time required for 50% adsorbate breakthrough (τ) as opposed to the actual experimental data could be due to the lower diffusion process (as reflected by a short breakthrough time) (Chowdhury et al. ) . The same pattern was also observed for all metal ions with increasing flow rate. The coefficient of determination (R 2 ) ranged between 0.892 and 0.993, indicating good correlation of the Thomas and Yoon-Nelson models with the experimental data. The Thomas model satisfactorily described the breakthrough behaviour of heavy metals that is not controlled by external diffusion and internal diffusion (Biswas & Mishra ) .
The Yoon-Nelson constants, K Y and τ, were determined from the slope and intercept of Equation (5), respectively. From Table 3 , both K Y and τ decreased with increasing initial concentration and flow rate. This trend is in agreement with the result reported by Chowdhury et al. () . The column data also fitted well with this model with R 2 values of 0.892 to 0.993. The Adams-Bohart constants, K A and N o , were calculated from the slope and intercept of Equation (6), respectively. K A decreased with increasing feed concentration, but increased with increasing flow rate for each metal ion. It shows that the reaction kinetics is strongly influenced by external mass transfer (Ahmad & Hameed ) . On the other hand, the sorption capacity (N o ) increased with increasing both initial concentration and flow rate. It implies that the overall system kinetics is dominated by external mass transfer, indicating a chemical reaction on an active surface. In other words, the intraparticle diffusion and chemical reaction take place simultaneously at steady state (Klaewkla et al. ) . Similar, column behaviour was reported elsewhere (Biwas & Mishra ). However, a relatively poor R 2 of the Adams-Bohart model reflects its lesser applicability to describe the breakthrough data. Therefore, the column adsorption data of multi-metals onto Dijah-Monkin bentonite could be adequately described by Thomas and Yoon-Nelson models. Table 4 shows the adsorption of some heavy metals using natural and low-cost adsorbents in column mode.
Comparison with other adsorbents in column adsorption
Comparisons were made on the basis of adsorption capacity with respect to initial metal concentration, flow rate, bed height and adsorbent mass. In general, the adsorption capacity of the multicomponent system is lower due to the competition for active sites among the metal ions present in the aqueous solution (Nguyen et al. ) . The adsorption capacity increased with the increase in metal concentration, bed height and mass of adsorbent, but somehow decreased with increasing flow rate. Natural (Dijah-Monkin) bentonite used in the present work can be considered as a promising low-cost adsorbent alternative for the removal of lead(II), cadmium(II) and manganese (II) ions from multi-metals solution. 
